This study sought to investigate diagnostic accuracy of echocardiographic measures of great vessels in patients before bidirectional cavopulmonary connection (BCPC) compared with cardiovascular magnetic resonance (CMR).
Introduction
Patients with single ventricular physiology now routinely undergo staged palliation towards the Fontan circulation. An important step is the creation of the bidirectional cavopulmonary connection (BCPC), which improves oxygen saturations and reduces volume loading. In this circulation, blood passively enters the lungs and is dependent on unobstructed pulmonary arteries. Therefore, preoperative identification of pulmonary artery stenosis and subsequent repair is vital if the procedure is to be successful. 1 In addition, makes pre-operative anatomical assessment a prerequisite in patients prior to the BCPC. 4 The reference standard method of assessing the vasculature pre-BCPC is diagnostic cardiac catheterization. 5 This offers highresolution images with the possibility of intervening on any abnormalities during the procedure itself. More recently, cardiovascular magnetic resonance (CMR) imaging has been used to assess both anatomy and function prior to the BCPC. 6 In a randomized control trial of CMR vs. catheterization outcome was similar in both groups. However, post diagnostic procedure complications were significantly higher in those patients undergoing catheterization. 7, 8 In many centres, this has led to CMR being used routinely in the preoperative workup of these patients. Nevertheless, there are still risks associated with CMR, primarily due to requirement for general anaesthetic. 9 An alternative non-invasive approach is echocardiography, 10 which is available in all centres and can be performed without sedation or general anaesthetic. 11 A low-risk group of patients with favourable anatomy has been identified in a retrospective study, in whom catheterization did not provide necessary additional data influencing outcome. 10 At our centre, we developed a non-invasive Fontan pathway imaging protocol and routinely perform CMR prior to BCPC. We are therefore well placed to perform a comparative study. The aim of this work is to assess the validity and reliability of echocardiographic measures of great vessels in patients before BCPC compared with CMR.
Methods
For this retrospective study, all patients who underwent BCPC at our institution between June 2007 and December 2012 were identified, and all were examined according to previously established institutional protocols. Inclusion criteria for analysis were (i) CMR within 30 days of BCPC, (ii) detailed echo within 5 days of CMR, and (iii) raw images available for retrospective analysis. For the purpose of this study, all imaging was re-analysed (at least 6 months after imaging) by an experienced observer who was blinded to the results of the imaging studies, any subsequent catheter procedures, and surgery. Inter-and intraobserver variabilities were assessed in 10 randomly chosen patients in whom all vessels were re-segmented by the original observer and by a second experienced observer.
Informed consent for the use of imaging data was obtained from all parents. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institutional and research ethics committee (National Research Ethics Service ethical code: 06/Q0508/124).
Echocardiography technique
Echocardiography was performed using a Vivid 7 (GE, Medical Systems, Milwaukee, WI, USA) or a Philips i33 (Philips, Amsterdam, The Netherlands) system with multi-frequency 5 -10 MHz probes. Scans were performed either directly after the CMR (under the same general anaesthetic) or during the same hospital visit without sedation.
All arterial diameters were measured at peak systole from 2D images in the longitudinal axis of the vessel (not from colour flow mapping). All patients were examined according to institutional protocol. It should be noted that in patients in whom anatomy had been fully delineated, the echocardiographic examination was focused on assessment of the vasculature, valvar competency, and ventricular function. All echocardiography studies were performed without knowledge of CMR findings. Total study time was recorded as the time between the first and last acquired clip.
CMR technique
CMR was performed under general anaesthetic as previously described 12 -14 using a 1.5T CMR scanner (Avanto; Siemens Medical Systems, Erlangen, Germany). Great artery vessel anatomy was assessed using gadolinium-enhanced MR angiography as previously described. Gadolinium (Dotarem, Guerbet) at a dose of 0.4 mL/kg was injected into a peripheral vein and tracked into the heart with a dynamic bolus tracking technique. The angiographic sequence was started when contrast reached the single ventricle. Two consecutive angiograms were acquired in a single 20-s period of apnoea. In order to measure vessel diameters, a short-axis view of the vessel was multi-planar reconstructed from the 3D data (OsiriX, Pixmeo, Switzerland). Each vessel was measured in two perpendicular dimensions, and an average dimension was calculated. Total scan time was recorded as the time between the first and last acquired image.
Measurement of pulmonary arteries
The branch pulmonary arteries were measured using CMR and echocardiography in two positions: proximal and distal. The proximal measurement position was just distal to the pulmonary artery bifurcation, and the distal measurement position was just prior to the second-order branches. In the presence of a modified Blalock-Taussig (BT) shunt, the proximal and distal right pulmonary arteries (RPAs) were measured before and after the shunt, respectively. On echocardiography, the pulmonary arteries were visualized from the suprasternal or left subclavian view. The RPA was visualized in a standard horizontal plane (3 o'clock), while the left pulmonary artery (LPA) was visualized in a slightly posterior plane with left posterior angulation (2 o'clock). Figures 1 and 2 show the measurement technique of the pulmonary branches for echocardiography and CMR.
The ratios of the dimensions of the proximal and distal branch pulmonary artery (RPA index and LPA index) were calculated. Stenosis was considered present if the ratio was ,0.75; 15 this cut-off has been used in previous studies comparing imaging modalities in this population.
Measurement of aorta
The aorta was measured using CMR and echocardiography in two positions: at the isthmus just distal to the left subclavian artery and at the level of diaphragm. On echocardiography, the suprasternal or left subclavian views were used to assess the aortic arch, while the subcostal view was used to assess the abdominal aorta. In patients after aortic arch repair (mainly Norwood arch reconstruction), the aortic isthmus was measured distal to the aortic patch. The diameter ratio of the aortic isthmus to abdominal aorta was calculated, and a ratio of ,0.75 was considered to indicate stenosis. 16 Figures 1 and 2 show the measurement technique of the aorta for echocardiography and CMR.
Statistics
Population data are expressed as median and full range. The difference between echocardiography procedure time in anaesthetized and nonanaesthetized patients was tested using the Wilcoxon rank-sum test. The Wilcoxon signed-rank test was used to compare matched vessel diameter measurement data from echocardiography and CMR. Bland -Altman analysis was performed to obtain bias and limits of agreement, and correlation coefficients were calculated for comparison of all echocardiography and CMR measurements. Intra-and inter-observer variabilities were assessed using intra-class correlation. Sensitivity, specificity, and positive and negative predictive values were calculated to assess the ability of echocardiography to detect vessel stenosis. For calculation of accuracy, failure to acquire data of sufficient quality was coded as a diagnostic failure. The x 2 test was used to assess differences in sensitivity, specificity, and acquisition of unsatisfactory images in anaesthetized and non-anesthetised patients. A P-value of ,0.05 was considered significant. The analysis was carried out using STATA 13 (StataCorp LP, College Station, TX, USA).
Results

Patient demographics
Between June 2007 and December 2012, 109 patients underwent BCPC at our institution. Seventy-two underwent both echocardiography and CMR assessment prior to the BCPC and were included into this study. In the remaining 37 patients, 17 underwent echocardiography and catheterization, 5 underwent echocardiography and computed tomography (CT), and 15 underwent echocardiography alone. Specific clinical diagnoses of the study patients are shown in Table 1 . The systemic ventricle had predominantly left ventricular morphology in 33 patients (46%) and right ventricular morphology in 39 patients (54%). Sixty-nine out of the 72 (97%) patients had previously undergone a first-stage surgical palliation ( Table 1) : Norwood-type operation in 44 (modified BT shunt in 38 patients, Sano shunt in 6 patients), modified BT shunt and/or central shunts in 21, pulmonary artery banding in 4. One patient had undergone stenting of the arterial duct and the remaining two required no intervention due to native pulmonary stenosis.
The median age of the patients at CMR was 112 days (range 57-3901), at echocardiography was 113 days (range 57-4027), and at BCPC was 160 days (range 59-4032).
Imaging protocol characteristics
CMR under general anaesthetic was successful in all patients, and the median duration of CMR was 65 min (range 37-101 min). A total of 23 RPA stenoses, 16 LPA stenoses, and 13 aortic narrowings were identified on CMR. There was complete concordance between positive findings (presence of stenosis) on CMR and perioperative findings. The surgeon did not formally assess the LPA and aortic arch if these vessels were reported as normal on CMR. Unexpected findings found on CMR are shown in Table 2 .
Echocardiography was performed in all patients (general anaesthetic in 45, non-sedated in 27). The median duration of echocardiography was 20 min (range 6-56 min). The procedure times were similar for scans performed under general anaesthetic and those without sedation (P ¼ 0.44).
Echocardiographic measurements could not be made in 24% of all vessel segments due to unsatisfactory image quality. The proportion of unsatisfactory images, broken down by specific vessel segment and the use of general anaesthetic are shown in Table 3 . In general, acquisition of unsatisfactory images was higher in non-sedated patients, particularly in the distal branch pulmonary arteries ( 50%). Other complex congenital heart diseases 6
In fact, there were significant differences (P , 0.05) for the distal LPA and both the distal and proximal RPA and trends (P ¼ 0.07 -0.09) for the central LPA and both aortic segments.
Agreement in vessel diameter measurements
Median vessel diameters measured using echocardiography and CMR are shown in Table 4 . There were small, but significant differences (P , 0.002) for the proximal RPA and the aorta at the level of the diaphragm, but not for the other vessels. The results of Bland-Altman and correlation analysis of CMR and echocardiographic measurements are shown in Table 5 . There is good correlation and limited bias. However, the limits of agreements are as wide as the average vessel size itself (Figures 3 -5 ). This demonstrates poor agreement between measurements acquired using the two imaging modalities.
The intra-observer intra-class correlation coefficients for echocardiographic and CMR measurements were 0.94 (95% CI: 0.89 -0.96) and 0.97 (95% CI: 0.95 -0.98), respectively. The interobserver intra-class correlation coefficient for echocardiographic measurements was 0.93 (95% CI: 0.88 -0.96) compared with 0.96 (95% CI: 0.94-0.98) for CMR.
Diagnostic accuracy of detecting vessel stenosis
Vessel stenoses were objectively identified through evaluation of the proximal to distal vessel dimension ratio. Figure 6 shows scatter plots of vessel ratio measured using CMR and echocardiography. There is no correlation for the RPA ratio (r ¼ 0.23, P ¼ 0.11) and only moderate correlations for the LPA ratio (r ¼ 0.59, P , 0.0001) and aortic ratio (r ¼ 0.69, P , 0.0001). Figure 6 also represents the diagnostic contingency tables for each vessel (a ratio ,0.75 indicates stenosis/narrowing). Sensitivity, specificity, and positive and negative predicative values are shown in Table 6 .
The sensitivity and specificity of echocardiography for assessment of branch pulmonary artery stenosis assessment are moderate with low levels of accuracy. However, the diagnostic agreement between echocardiography and CMR was better for assessment of aortic arch stenosis/narrowing. Sensitivities and specificities for each vessel broken down by the use of general anaesthetic are shown in Table 7 . The only significant difference was in assessment of RPA stenosis, which was worse in the non-sedated patients (P ¼ 0.014). Of the patients included in this study, 8 underwent repair for aortic narrowing, 10 for LPA stenosis, and 3 for RPA stenosis at the time of BCPC. In seven of these cases (aorta ¼ 2, LPA ¼ 4, and RPA ¼ 1), the vessel in question could not be visualized with echocardiography. In addition, in one case of LPA stenosis requiring repair, echocardiography reported the vessel to be non-obstructed.
Discussion
In this study, there was only modest agreement between echocardiographic and CMR measures of vessel diameter. Furthermore, echocardiographic image quality was significantly lower in nonsedated patients compared with those imaged under general anaesthetic. These findings show that in patients with complex cardiac morphology, non-sedated or sedated echocardiography cannot be used as the only method of comprehensively assessing the vasculature before the BCPC.
It is generally accepted that assessment of the pulmonary arteries and aorta is vital prior to the BCPC. In many centres, this would be accomplished by performing cardiac catheterization with invasive angiography. 5 However, invasive angiography is associated with morbidity due to both catheter complications and the necessity for general anaesthetic. Therefore, non-invasive alternatives have been sought. The most extensively studied method is CMR, which is both noninvasive and non-ionizing. Pre-BCPC angiographic assessment of the vasculature using CMR has been previously validated against surgical findings.
17 Furthermore, in a previous randomized control trial of CMR against cardiac catheterization, there was no difference in early or medium-term outcome. 7, 8 Thus, CMR can be considered an acceptable alternative to cardiac catheterization prior to the BCPC. Unfortunately, there are a number of problems associated with the use of CMR in these patients. First, CMR requires a general anaesthetic and in this group anaesthesia is associated with greater morbidity than in the normal population. 9 Second, CMR is time consuming (in this study the average procedure time was 65 min), which increases both the anaesthetic risk and the procedure cost. Finally, neither the infrastructure nor the expertise required to perform infant CMR is available in all centres. Thus, alternate noninvasive approaches are still desirable. An obvious candidate is echocardiography as it is cheap, available in all centres, and can be performed in infants without any sedation. In our study, echocardiography took significantly less time (average 20 min) than CMR demonstrating one of the key advantages of this technique. In fact, in patients in whom focused echocardiography was performed, acquisition of stored clips could take as little as 10 min. Unfortunately, inadequate visualization of the vasculature was relatively common in our complex patient population. Overall, only 76% of vessel segments could be visualized with sufficient quality to allow vessel measurement. We further showed that failure rate was higher in the distal branch pulmonary arteries, particularly when acquired without sedation ( 50%). This is unsurprising as the distal vessels are often distorted in these patients, which makes them difficult to locate and delineate. This problem is further compounded if the infant is moving. These findings demonstrate the importance of having a settled infant when attempting to visualize the distal pulmonary vasculature. This is particularly true in patients who have previously undergone interventions on the pulmonary arteries such as BT shunts. In this study, this was achieved using general anaesthesia, but it could also have been achieved with simple sedation. This would be likely if echocardiography was being used as the sole method of imaging. However, any form of sedation in this patient group is associated with risk and requires extra staff and monitoring. Thus, the necessity for either anaesthesia or sedation to ensure visualization of the vasculature partly negates one of the main advantages of echocardiography over CMR. It is possible that echocardiographic contrast would help visualization of the vessels in these patients. However, there is little previous work in this age group, and the haemodynamic nature of these patients may preclude adequate filling of the necessary structures.
When comparing the techniques, there was good correlation between vessel diameters measured using echocardiography and CMR. In addition, there were no large biases in vessel diameter All data are displayed with 95% confidence intervals. NPV, negative predictive value; PPV, positive predictive value; RPA, right pulmonary artery; LPA, left pulmonary artery. measurements. However, the limits of agreement were very wide (as large as the average vessel diameters themselves). These results suggest that there is a significant problem with the precision of echocardiography in this group of patients. This is further corroborated by echocardiography's greater inter-and intra-observer variabilities. There are several reasons for these differences, but they are most likely related to the inability of 2D imaging to fully assess 3D structures. In this population, many vessels will have an elliptical cross-section, often related to external vascular compression (typically LPA compression after aortic arch reconstruction using extended patch). Thus, a true minimum diameter can only be accurately measured if the ultrasound beam is in line with the minor axis of the vessel. This is very difficult to guarantee using 2D long-axis imaging, particularly if the vessels are distorted or tortuous. Other possible sources of error are (i) the use of systolic frames for echocardiography compared with cardiac cycle averaged data for CMR and (ii) apnoeic acquisition of CMR data vs. echocardiographic images acquired during free ventilation. However, these factors would be expected to result in large biases, which were not apparent in our data. Therefore, they are unlikely to be the significant sources of error in echocardiographic measures.
Vessel diameter measurements are important as they allow objective identification of stenosis. In this study, we choose to define stenosis as a proximal diameter to distal diameter ratio of ,0.75.
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Using this cut-off (with CMR as the reference standard), we demonstrated that echocardiography had poor sensitivity and specificity for identification of branch PA stenosis. This suggests that inaccuracies in the echocardiographic measurements of the pulmonary arteries propagate to identification stenoses. Agreement between echocardiography and CMR was better for identification of aortic arch obstruction, despite similar measurement errors. This may be because echocardiographic measures of the aorta were internally consistent for a given patient, even if they were both inaccurate compared with CMR.
Of course, it is also important to understand the clinical significance of these discrepancies. It is true that only one case of LPA stenosis that required repair was missed by echocardiography. However, in seven cases of vascular stenosis requiring repair (approximately a third of cases), there was inadequate visualization of vessel. This suggests that in this group of patients (majority of whom have BT shunts), echocardiography cannot be considered a replacement for cross-sectional or invasive imaging in the assessment of the vasculature pre-BCPC. This is in keeping with previous studies comparing echocardiography to invasive angiography, which also demonstrated poor diagnostic accuracy. 15 Echocardiography does provide important information regarding ventricular function, valvar competence, and flow acceleration, which is useful prior to the BCPC. 18 Therefore, echocardiography still has a vital role to play in the pre-operative imaging of these patients, as long as it is combined with some other form of crosssectional or invasive imaging. One possibility is cardiovascular CT. 19 Modern CT scanners allow high spatial resolution data to be acquired very rapidly (,1 s), enabling 3D data to be acquired without general anaesthesia. Furthermore, radiation exposure has now been significantly reduced (,1 mSv), making it a very attractive alternative to CMR. A recent study has demonstrated that CT findings prior to BCPC are fully concordant with surgical findings. In addition, short-term outcome was no different in the CT group compared with a group who underwent cardiac catheterization. 20 Thus, CT rather than CMR may be the optimal non-invasive crosssectional imaging technique to use in these patients.
Limitations
The main limitation of this study was its retrospective nature. This resulted in some patients who underwent BCPC in our institution not being included into the study population as described in the results. This opens up the possibility of introducing biases through improper patient selection. However, this group was primarily excluded due to the necessity for urgent imaging (not CMR) and intervention rather than any difference in the underlying complexity of the congenital heart disease. Thus, our population represented a relatively 'well' group that forms the majority of cases in most institutions. Furthermore, our data are in keeping with previous studies and we believe they do fairly represent the clinical reality. Another limitation is that no sedation was given to patients who did undergo echocardiography without general anaesthesia. This might unfairly reduce the diagnostic yield in this group, although it does demonstrate the importance of sedation in infant echocardiography. It should also be noted that in some groups of patients, echocardiographic and CMR measures might be less discrepant. This is particularly true of patients who have not undergone interventions that might distort the branch pulmonary arteries. Unfortunately, the majority of our patients had received a BT shunt and thus subgroup analysis was not possible. Nevertheless, a separate study is warranted to identify if a subgroup of patients in whom echocardiography does provide reliable assessment exists. Finally, it should be noted that identification of stenosis using echocardiography relies on more than simple anatomical imaging. Doppler assessment may give useful additional information, particularly for assessment of aortic arch narrowing. However, Doppler velocity assessments can be affected by turbulent flow emanating from the BT shunt and low cardiac output. Nevertheless, a future prospective study is warranted that compares the comprehensive assessment of vessel stenosis using echocardiography and some form of cross-sectional imaging.
Conclusion
In this study, we have shown that echocardiography cannot substitute CMR for reliable identification of great vessel stenoses in complex patients prior to the BCPC, particularly those with BT shunts. Thus, we believe that these patients should undergo either invasive angiography or some form of cross-sectional imaging. We believe that the optimum pre-operative workup may consist of echocardiography for assessing ventricular and valvar function, and CT to evaluate the anatomy. This would be rapid and safe and is an area that requires further study.
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